Purpose: To study sub-basal corneal nerve plexus (SCNP) parameters by in vivo corneal confocal microscopy using a new software technology and examine the effect of demographics and diabetes mellitus (DM) on corneal nerves morphology. Methods: A Confoscan 4 (Nidek Technologies) was used in this crosssectional study to image the SCNP in 84 right eyes at the Miami Veterans Affairs eye clinic. Images were analyzed using a new semiautomated nerve analysis software program (The Corneal Nerve Analysis tool) which evaluated 9 parameters including nerve fibers length (NFL) and nerve fibers length density (NFLD). The main outcome measure was the examination of SCNP morphology by demographics, comorbidities, and HbA 1c level. Conclusions: The Corneal Nerve Analysis tool is a reproducible diagnostic software technique for the analysis of the SCNP with confocal microscopy. Older age, DM, and higher level of HbA 1c were associated with a significant reduction in SCNP parameters.
T he cornea is a heavily innervated tissue. 1 In addition to serving a sensory function, corneal nerves regulate a broad range of functions including corneal epithelial integrity, proliferation, and healing of wounds. 2 Studying the sub-basal nerve plexus is important as alterations in corneal nerves can occur in the setting of normal aging process, systemic diseases, ocular conditions, and after corneal surgery. [3] [4] [5] [6] The confocal microscope is an instrument that has been used to study corneal nerve architecture in vivo in humans. 7 The advantages of the confocal microscope are that it is noninvasive (although the devices require contact); it examines tissues to a cellular level, and allows for multiple examinations on the same area. Currently there are two companies that produce confocal microscopes used in corneal studies, Heidelberg Engineering GmbH (Dossenheim, Germany) and Nidek Technologies Srl (Padova, Italy). Neither company, however, has a built-in software to assess sub-basal nerve plexus parameters. Different studies, therefore, have used different tools, both manual and automated, to analyze these images. [8] [9] [10] To date, corneal nerve analysis with the confocal microscope has been laborious and grading potentially variable. For example, in a study by Zhivov, the Heidelberg Retina Tomograph (HRT) 2 (Heidelberg Engineering GmbH) was used to acquire images and an in-house developed software tool measured morphological (length, diameter, and density) and topological (continuity and connectivity) parameters. In all, approximately 3 hr were required to analyze one image. 10 Furthermore, previously reported automated programs only calculate a few parameters within the subbasal nerve plexus. 9, 11 For example, Scarpa et al. 9 studied three parameters of sub-basal corneal nerve plexus (SCNP) including nerve length, nerve density, and tortuosity. In addition, the units for the morphological parameters vary between different studies. For example, sub-basal nerve density has been reported by many studies as the total number of major nerves in an area of corneal tissue (no./mm 2 ). 12 However, other studies have defined it as the number of nerves per image (no./frame) 13 or the total length of nerves within an area of a frame (mm/mm 2 ). 14 Also, the algorithms used to calculate corneal nerve parameters have varied. For example, many definitions and calculations have been proposed for corneal nerve tortuosity. 15 Reproducibly measuring a variety of corneal nerve parameters could potentially expand the use of confocal microscopy as a screening test for nerve abnormalities in the setting of systemic conditions such as diabetes mellitus and polyneuropathies. Nidek recently developed a fast and semiautomated software for use on images generated by the Confoscan 4 (Nidek Technologies Srl) that provides a fast assessment of nine different corneal nerve parameters: nerve fibers length (NFL) and nerve fibers length density (NFLD), number of fibers, number of branches, number of bifurcations, number of trunks, number of beadings, beading density, and nerve tortuosity. It is not currently known, however, whether this technology is reproducible and whether changes can be detected by age and disease.
To bridge this knowledge gap, we evaluated this new semiautomated method. We first validated the technology by assessing interperson and intraperson reproducibility. We then used the new technology to evaluate for SCNP morphological alternations in conditions previously reported to have corneal nerve changes (i.e., aging and diabetes).
METHODS Study Population
Miami Veterans Administration Medical Center (VAMC) Institution Review Board approval was obtained to allow the prospective evaluation of patients. The study was conducted in accordance with the principles of the Declaration of Helsinki. Patients with otherwise healthy eyelid and corneal anatomy who did not have corneal opacities were prospectively recruited from the Miami VAMC eye clinic between 2014 and 2015. They underwent testing with the Confoscan 4 to image the sub-basal nerve plexus in their right eye. Exclusion criteria included: contact lenses wear, corneal scars, history of refractive surgery, history of previous blunt or penetrating trauma, ocular medications with the exception of artificial tears, cataract surgery within the last 6 months, a history of refractive, glaucoma or retinal surgery, known HIV, sarcoidosis, graft versus host disease, or a collagen vascular disease.
Main Outcome Measures
The study had two main outcome measures: (1) to assess reproducibility of the software measurements and (2) to correlate SCNP measurements with demographics, comorbidities, and HbA 1c level.
In Vivo Corneal Microscopy
Examination was carried out using the ·40 lens of the Confoscan 4. Before the examination, a drop of topical anesthetic 0.5% proparacaine hydrochloride (Alcon Laboratories, Inc.) was used to anesthetize both eyes. A drop of Genteal gel (0.3% Hypromellose; Alcon Laboratories, Inc.) was applied onto the lens tip. The patient was seated in front of the microscope with chin rest and forehead support in place and was asked to fixate the examined eye to the light inside the lens. The joy stick was used to move the lens toward the eye until the gel contacted the cornea. The device alerted the operator when the stroma appeared on the monitor, after which time the operator pressed a button to initiate recording, and the device automatically completed the alignment. The device was set to scan on anterior mode, which focused on the anterior part of the cornea (up to 200 mm depth). In this mode, 350 images were acquired at a speed of 25 frames per second with 3 mm distance between images. Each image represented a coronal section of 460 · 345 mm (158,700 mm 2 ) with a minimum axial step of 1 um, magnification of ·500, and lateral resolution of 0.6 mm/pixel. A total of one to three scans were obtained for each cornea by an experienced operator.
Corneal Nerve Analysis Tool
As the software tool does not assess image quality, we first manually reviewed all images and selected the best two that captured the SCNP. Criteria for selection were (1) well-focused image (2) image with good contrast, and (3) the complete image in the same layer. Blurred, oblique, or incomplete images were excluded. Images were run through the Corneal Nerve Analysis tool, a nerve analysis software program developed by Nidek Technologies Srl, Padova, Italy and installed in the laptop connected to the confocal machine. This software automatically traces visible nerve fibers and highlights nerve beddings. The automated analysis was augmented with manual refinement. To refine the image, we traced nerve fibers undetected by the software and labeled nerve trunks and branches. The software then automatically incorporated the manual tracing into the updated measurements. A variable amount of manual refinement was needed depending on the quality of the image (Fig. 1) . The average total time for manual refinement and analysis of each image was 3.5 (60.5) min.
The 9 parameters captured included: (1) Nerve fibers length: the total length of the nerve fibers (in micrometers) per frame (mm/ frame). (2) Nerve fibers length density: the total length of the nerve fibers divided by the area of the frame (mm/mm 2 ). (3) Number of trunks: the total number of main nerves (long fibers that crossed the borders of the area of analysis in one image). (4) Number of branches: the total number of nerve branches. (5) Number of fibers: the total number of nerve fibers, including nerve trunks and branches. (6) Number of bifurcations: points where nerve branches arise from nerve trunks. (7) Number of beadings: the total number of well-defined hyperreflective points in all identified main nerves (trunks). (8) Beading density: the total number of nerve beadings divided by the total length of nerve trunks in millimeter (beadings/ mm).and (9) Nidek Nerve fibers tortuosity: a unitless measure that represents the degree of twistedness of a curved structure, calculated based on the Kallinikos tortuosity index. 16 
Statistical Analysis
All statistical analyses were performed using SPSS 21.0 (SPSS Inc, Chicago, IL) statistical package. Frequencies and descriptive statistics were applied to the data, as appropriate. To evaluate the new automated software technology, we first evaluated variability in nerve plexus morphology between two different images (best quality and second best quality) generated at the same scanning session using Pearson r statistics. We then evaluated interoperator reproducibility for each parameter using the same image for analysis by two different operators (N.S. and M.J.), both masked to patient clinical information, using interclass correlation (ICC) statistics. The ICC is a dimensionless proportion ranging from zero to 1.0. 17 Fleiss gives guidelines for interpreting ICCs: 0.40 through 0.75 are consistent with fair to good reproducibility, whereas .0.75 is considered excellent. 17 Intraoperator reproducibility was then assessed by reanalyzing the same image two weeks apart by the same operator (N.S.) using ICC. Next, we evaluated which demographics (age, sex, race, ethnicity, and smoking status), systemic diseases (diabetes mellitus, hypertension, and hyperlipidemia), and diabetes mellitus features (DM duration, HbA 1c level, and diabetic peripheral neuropathy) associated with sub-basal nerve plexus variables using t tests, analysis of variance and correlations (Pearson and Spearman), as appropriate. Ascertainment of diabetes was by means of patient self-report with confirmation in the medical records. 18 
Power Analysis
Rather than specifying a formal beta error, we designed this study to have a sufficient sample size so that confidence intervals around the ICCs 17 would be narrow enough to ensure excellent reproducibility, following the procedure described by Fleiss. 19 As we expected to find ICCs .0.85, for a sufficient sample size to obtain a lower confidence limit of 0.75 using Fleiss method with 2 replicate measurements, a sample size of at least 27 eyes was required.
RESULTS

Reproducibility Measures of the Corneal Nerve Analysis Tool
Twenty-nine patients {15 men and 14 women, mean age 46 years (SD 20) years} were included in the first part of the study to assess reproducibility of the technology. We first assessed correlations between two images taken from the same scanning session with respect to the nine SCNP parameters and found correlation coefficients ranging from 0.66 to 0.80 by Pearson r (Table 1) . We next evaluated interoperator reproducibility by having two masked observers process the same image. ICC was excellent (.0.8) for NFL, NFLD, number of fibers, number of trunks, number of branches, numbers of bifurcation, number of beadings and beading density, and good for nerve fibers tortuosity. We then evaluated intraoperator reproducibility by having the same operator analyze the same image 2 weeks apart. ICC was found to be excellent (.0.8) for all parameters.
Study Population
For the evaluation of clinical parameters, we included an additional 55 subjects (total 84 subjects). The mean age of all participants was 58 years SD 18.6. Most subjects were men (77.4%) and non-Hispanic (75.0%); 45.5% self-identified as white. Forty-seven (56.0%) had systemic hypertension, 38 (45.2%) had 
Correlations Between Individual Nerve Parameters
Most of the sub-basal corneal nerve parameters were highly correlated with one another (Pearson r.0.59, P,0.0005 for NFL, NFLD, number of fibers, trunks, bifurcations, branches, and beadings). The main exceptions were beading density (which was only significantly correlated with number of beadings [r¼0.52, P,0.0005]) and tortuosity (which was negatively correlated with number of trunks and beadings [r¼20.33, r¼20.33, P,0.0005 for both]).
Correlations Between Nerve Parameters and Demographics
Overall, older individuals had lower corneal nerve parameters with NFL, NFLD, number of fibers and trunks, and number of beadings all negatively correlating with age (r¼20.471, 20.461, 20.349, 20.324, and 20.310, respectively, P,0.01 for all). There was no change in number of branches, number of bifurcations, beading density, and tortuosity with age. No significant differences in SCNP morphology were seen by sex, race, ethnicity, or smoking status ( Table 2) .
Correlations Between Nerve Parameters and Comorbidities
Twenty-two of 84 participants were diagnosed with type 2 diabetes mellitus. The mean duration of diabetes mellitus was 13.68 SD, 8.18 years, and the mean HbA 1c level was 7.2 SD, 0.77%. Sixty-eight percent of patients with diabetes reported diabetic peripheral neuropathy (DPN) symptoms. Patients with diabetes had lower SCNP parameters compared with those without diabetes, specifically for NFL, NFLD, number of fibers, trunks, bifurcations, branches, and beadings ( Table 3) . As the group with diabetes was significantly older than their counterparts without diabetes (67.45 years SD, 7.1 vs. 55.22 years SD, 20.3 years, P¼0.007), we reexamined the data only including individuals older than 50 years. Even when controlling for age, SCNP parameters remained lower in the group with diabetes compared with those without diabetes ( Table 3 , columns 3 and 4). In a multivariable analysis considering age and diabetes mellitus as independent variables, both remained significantly associated with NFL, NFLD, number of fibers, and beadings. Nerve morphology was not significantly different by the other studied comorbidities, including hypertension and hyperlipidemia.
Correlations Between Nerve Parameters, HbA 1c Level, and Diabetic Peripheral Neuropathy in Patients With Diabetes Mellites
HbA 1c levels in patients with diabetes (n¼22) were inversely correlated with NFL, NFLD, fibers, branches, and beadings (r¼ 20.568, 20.569, 20.589, 20.480, and 20.479, respectively, P,0.05 for all). There was no significant correlation between number of trunks, bifurcations, beading density and nerve fiber tortuosity, and HbA 1c level. Patients with both diabetes and DPN (n¼15) had significantly lower NFL and NFLD compared with patients with diabetes but no DPN (n¼7) (P,0.05 for all) ( Table  4) . No significant differences were seen in SNCP morphology by duration of diabetes mellitus. A multivariable analysis considering age, HbA 1c level, and DPN found that both age and HbA 1c level remained significantly associated with NFL and NFLD in individuals with diabetes (Fig. 2) .
DISCUSSION
To summarize, we found that the Corneal Nerve Analysis tool was a fast and easy software to use, with good interoperator and intraoperator reproducibility between most measurements obtained. Our reproducibility metrics were better than some of the previously reported analyses, 20 yet, others have similarly reported excellent reproducibility with their respective methodologies. 8, [21] [22] [23] In Midena study, for example, the interoperator and intraoperator reproducibilities between most corneal nerve parameters were good (ICC.0.7). 8 Other groups like Hertz et al. 23 and Efron et al. 22 likewise reported good interoperator and intraoperator reproducibility for corneal sub-basal nerve fiber length (ICC.0.7 and ICC.0.9, respectively). On the other hand, the reproducibility metrics in Petropoulos study were lower (ICC,0.74 for intraoperator reproducibility, and ICC ranging from 0.5 to 0.9 for interoperator reproducibility). 20 Considering the relationship between nerve parameters and demographics, we found that several nerve parameters were significantly reduced in older adults. This finding has similarly been found in some 14, [24] [25] [26] but not all confocal studies. [27] [28] [29] [30] Similar to our work, 4 studies encompassing 442 healthy subjects found an age-dependent decrease in corneal nerve fiber length and density using various confocal technologies (HRT 2 and 3, Confoscan 2) 14, [24] [25] [26] For example, Tavakoli et al. used the HRT 3 to scan 343 healthy subjects followed by manual tracing and a semiautomated software (CCMetrics) to analyze 1,965 corneal nerve images. 26 They found a significant linear age-dependent decrease in corneal nerve fiber density (20.164 no./mm 2 per year) and in corneal nerve fiber length (20.052 mm/mm 2 per year). Similar to our study, they found no change with age in corneal nerve branch density. Unlike our study, however, they found increased tortuosity with age. Niederer et al. used the HRT 2 to scan 85 healthy subjects followed by the caliper tool (analySIS V.3.1; Soft Imaging System, Münster, Germany) to calculate corneal nerve fiber density. This group found a significant decrease in corneal nerve fiber density with age (0.9% per year). 25 Four studies, on the other hand, encompassing 297 healthy subjects found no alterations in corneal nerve fiber length, density, number of beading, and beading density with age, using various confocal technologies (tandem scanning confocal microscope, HRT 3, Confoscan 2, and 4). [27] [28] [29] [30] The reason behind the discrepancies between age and nerve morphology in the various studies is not clear but may be because of the different machines and different methodologies used to qualify sub-basal nerve plexus morphology. An advantage of our software is that it provides a semiautomatic approach to track the SCNP. It permits identification of nerve and fiber paths in a repeatable way (diminishing the interoperator/intraoperator variability). Furthermore, the set of extracted indexes, that is, beadings presence and density, permits a comprehensive characterization of the SCNP.
There is biological plausibility that corneal nerve density would decrease with age. For example, a reduction in the number of specialized peripheral receptors and deterioration of myelinated and unmyelinated axons have been shown to occur with increasing age. 31 Such changes have been related to decreased sensitivity within the auditory, gustatory, and visual systems. 32 Similar changes have been shown within the somatosensory system, including mechanical, thermal, and nociceptive responsiveness. 33, 34 Interestingly, we and others have found decreased corneal sensitivity to a wind stimulus in older compared with younger adults. 35 Similar to aging, we found several corneal nerve parameters to be decreased in patients with diabetes compared with patients without diabetes. These findings have similarly been found in previous confocal studies. 36, 37 In addition, we found that nerve fibers tortuosity was not significantly changed in patients with diabetes compared with patients without diabetes, a finding described in some 23, 36 but not all confocal studies. 16, 38, 39 Furthermore, in those with diabetes, severity of peripheral diabetic manifestations correlated with corneal sub-basal nerve alternations. 12, 37, 40 As with age, the reason behind the discrepancies between nerve fiber tortuosity and diabetes mellitus is not clear but again may be because of the different tools, programs, and calculations used to assess tortuosity.
Although promising, our findings need to be considered bearing in mind the limitations of our study. First, this is a preliminary study with a limited sample size. A larger study of healthy and diseased patients will be needed to substantiate our findings. With regards to confocal technology itself, it is important to remember that to image the sub-basal nerve plexus, contact with the eye is required and subjects must keep their eyes open for approximately 1 min. Several subjects with excessive blinking or with small palpebral fissures were unable to tolerate testing. Third, with the Confoscan 4, only images of the central cornea could be imaged. Therefore, subjects with areas of interest in the periphery could not be imaged with this device. Fourth, the nerve analysis program is not yet fully automated and some manual refinement, although not difficult, was required for every scan. Finally, we did not compare the semiautomatic methodology to a manual one and therefore cannot comment on the degree with which they differ regarding reliability.
In summary, we found that the Corneal Nerve Analysis tool is a promising tool for analysis of the central corneal sub-basal nerve plexus. The importance of this study is that this is the first semiautomated program available to quantify sub-basal nerve morphology that can be shared by multiple centers. Encouragingly, we were able to detect alterations in corneal nerve parameters by age and diabetes using the semiautomated software. As such, this tool has the potential to assist in the generation of normative databases that can guide clinicians in diagnosing and following sub-basal nerve changes as they relate to a variety of ocular and systemic conditions.
